Anisotropic shapes of gold nanoparticles are prepared using a modified seed method in the presence of silver ions or clusters in order to study the thermal stability and the dynamics of the hot carriers induced by femtosecond laser pulses. Although gold nanospheres are stable towards thermal treatment, the decomposition of the gold nanorods into spherical nanoparticle aggregates upon thermal treatment is mechanistically different from the case of nanoprisms. Great enhancement of thermal stability is achieved by modifying the surface of the nanoparticles by adding specific amounts of polyvinyl pyrrolidone (PVP) after preparation of gold particles of different shapes capped with cetyltrimethylammonium bromide (CTAB). The surface plasmon resonance spectra of the gold nanostructures are used to monitor their morphological changes. In regards to the hot carrier dynamics, it is found that the phonon-phonon (ph-ph) coupling is much slower in dots than in rods and prisms while electron-phonon (e-ph) coupling is almost the same in these particles.
Introduction
One of the desired goals is to overcome the challenge of controlling the morphology of the nanoparticles, and to be able to fabricate and stabilize them in the desired form. The electrical, thermodynamic, and physicochemical properties of metal nanoparticles depend sensitively on particle size and shape [1] [2] . There are different me-thods to prepare different shapes of gold nanoparticles but the most common one is the seed-mediated method which is developed by Murphy's group and further improved by El-Sayed's group [3] - [9] .
Controlling the shape, morphology, and size can be useful in understanding of the electron dynamics and the relaxation processes in gold nanoparticles, which is required because of their fast optical response. This is very important for many potential applications such as optical switching, electronic devices, and biomedical sensing and diagnostics applications [8] - [14] . Moreover, better understanding of properties such as electrical and thermal conductivity and superconductivity of metal nanoparticles could be achieved by studying the relaxation dynamics.
In gold nanoparticles, because of the large difference in the heat capacity of the electrons and the phonons, they can be treated as two coupled subsystems. Before excitation, the electrons occupy the energy states below the Fermi level. Upon excitation of metallic thin films, or gold nanoparticles by ultrafast laser pulses, the energy is transferred to the electrons by absorption of photons via interband and intraband transition. The relaxation processes start to thermalize the electrons via electron-electron scattering and electron scattering with the surface. This thermalization process occurs in a few hundreds of femtoseconds [14] - [18] . The second step in the relaxation process is the transfer of the energy to the lattice via electron-phonon interaction. The last step in the relaxation is the energy transfer to the surrounding medium. The electron-electron and electron-phonon coupling processes and their dependence on the particle size were studied extensively [19] - [28] , but how it affects the particle shape are not completely understood which is a target in this work.
Although there are several studies investigating the thermal stability of the gold nanoparticles in a solution, they are scattered and do not include the effect of all the shapes and surface coatings [29] - [33] . Some examples are: El-Sayed's group studied thermal stability of electrochemically prepared gold nanorods encapsulated inside the mixture of cetyltrimethylammonium bromide (CTAB) and tetraoctylammonium bromide (TDAB) rod shape micelles [21] and the mean aspect ratio of these nanorods in aqueous solution decreases with increasing the temperature. In another study, Petrova et al. [29] observed that gold nanorods at the highest temperature examined (250˚C) would transform into spheres within one hour. Al-Sherbini et al. [31] [32] studied the effect of the thermal heating and UV-light on gold nanorods with different aspect ratios in water/glycerol mixtures.
The objectives of this study are twofold that are continuation to our previous results [34] - [36] ; 1) to investigate the role of shape and capping material on the thermal decomposition of gold nanoparticles as the stability enhancement is of interest for practical applications and 2) to investigate the dynamics of the hot carriers in the gold nanoparticles of different shapes, induced by femtosecond laser pulses.
Experimental Section
For the preparation of different shapes of gold nanoparticles, seeds and growth solutions were made as described below [34] - [36] :
Seeds solution: 2.5 ml of 0.2 M CTAB solution was mixed with 2.5 ml of 0.5 mM HAuCl 4 . To the stirred solution, 30 µl of ice-cold 0.1M NaBH 4 was added, which resulted in the formation of a brownish yellow solution. Vigorous stirring of the seeds solution was continued for 2 minutes.
Growth solution: Different amounts (0, 0.1 and 0.25 ml) of 4mM AgNO 3 solution were added to 2.5 ml of 0.2 M CTAB solution. Then, 2.5 ml of 1 mM HAuCl 4 was added and after gentle mixing of the solution, 35 µl of 0.1 M ascorbic acid was added. Ascorbic acid as a reducing agent changes the growth solution from dark yellow to colorless within 10 minutes.
Next, the seeds solution was added to the growth solution. The color of the solution gradually changed within 10 -20 minutes. To study thermal stability of gold nanoparticles, the change in the absorption spectrum of the gold nanoparticles solution was determined at different temperatures ranging from 40˚C to 220˚C in water bath (Transonic 46 O/H, USA). After the addition of a few drops of glycerol, the sample was heated above 100˚C in an oil bath in order to determine the decomposition temperature of the most stable micelles capping the gold nanoparticles. The same step was repeated by mixing nanoparticles with a solution of PVP. Thermal stability of gold nanoparticles has been followed by measuring the changes in absorption spectra as a function of time using the Perkin-Elmer Lambda 40 spectrometer. The particles were characterized by Transmission Electron Microscopy (TEM) with a Philips CM20 microscope, operating at an accelerating voltage of 200 KV.
Femtosecond Time-Resolved Transient Absorption Technique
The amplified Ti:sapphire laser system (spectraphysics) consists of two main components: One part is a pas-sively mode-locked Ti:sapphire oscillator which is pumped by a diode-pumped, frequency-doubled Nd:Vandate laser (Coherent Verdi). The oscillator produces femtosecond laser pulses with pulse energies in the range of nJ. The output wavelength of the oscillator is set to 800 nm. The second main component is a regenerative amplifier which is pumped by a diode-pumped, frequency-doubled Nd:Vandate laser (Coherent Verdi) at repetition rate of 1 kHz. Since ultrashort laser pulses have high peak powers and can destroy the lasing medium the pulses generated in the oscillator part have to be stretched first before they can be injected into the amplifier. This is done by chirping the pulse using a grating. Later, after amplification another grating arranged in the opposite way compresses the pulse again to its original duration in the pulse compressor. This technique of amplifying the pulse energy is called chirped pulse amplification (CPA). The timing of the pulse injection (seeding) into the amplifier and ejection of the amplified pulse into the pulse compressor is controlled by a Pockels cell. The final outputs of this laser system are laser pulses of about 100 fs duration (full width at half maximum (FWHM)), with energy of 0.9 mJ at 800 nm at a repetition rate of 1 kHz.
A schematic overview of the optics of the femtosecond transient absorption spectrometer is given in Scheme 1. The output pulse from the amplified Ti:apphire laser system is split into three parts. A small part (4%) generates a white light continuum in a 1 mm sapphire plate which was used as the probe light. The pump source can be 400 and 266 nm laser pulses by SHG and third harmonic generation (THG). The pump pulse is delayed with respect to the probe pulse with an optical delay. Moving the delay line forward will decrease the distance the pump pulse has to travel and causes the pulse to arrive earlier in time with respect to the probe pulse whose travel distance remains constant. The delay line is computer controlled and allows a time resolution of 21 fs. The energies of the pump and probe pulses are adjusted with neutral density filters.
The probe light splits into a signal and a reference beam and the signal beam is overlapped at the sample position. The signal and reference beams are then focused into fiber optic cables and coupled into a monochromator for single wavelength measurements or a spectrograph for spectral measurements. The reference beam is split off beforehand and is directed towards a separate fiber optics cable.
The samples consisting of mainly transparent solutions are placed in a rectangular stationary cell or in cylindrical cell that can be rotated with a speed of 1000 rpm in order to ensure that a different part of the solution is exposed with each laser shot. Alternatively the solutions can be flowed through a rectangular cell by a micropump at a speed of roughly 125 µl/s. Experiments are performed at room temperature. All cells have an optical path length of 2 mm as the overlap of the probe and pump beam can only be achieved over this distance.
For recording single wavelength kinetic traces, the excitation beam is modulated by an optical chopper (HMS 221) with half the laser frequency (500 Hz). Hence only every other probe pulse monitors the changes in the sample induced by the pump pulse. This then causes an intensity modulation of the probe pulses, which varies with the same frequency of 500 Hz. A lock-in-amplifier can then be used to detect and measure very small Ac signals down to a few nanovolts. Accurate measurements may even be made when the signal is obscured by noise sources thousands of times larger like fluctuations in the laser light intensity of pump and probe pulses. The lock-in-amplifier uses a technique known as phase-sensitive detection to single out the component of the 
Results and Discussion

Shape and Morphology of Gold Nanoparticles
The seed method was successfully modified here in order to get more precise control in the shape of the gold nanoparticles. Anisotropic shapes of gold nanoparticles in Figure 1 and Figure 2 were formed by using different concentrations of silver ions and seeds solutions. The average size of the particles is determined from the transmission electron microscopic (TEM) and scanning tunneling microscope (STM) images and is found to be 5.0 ± 1.6 nm for the spheres, and rod length is 40.87 ± 6.1 nm, and its width 12.0 nm with aspect ratio a.r. = 3.4, and the prism is 41.12 ± 5.49 nm, and the thickness is about 9.1 nm (see Figure 2) . Our results indicate that the ratio of the Ag + concentration to the seed concentration is one of the key parameters for controlling the shape of the particles, e.g. spheres, rods, prisms or snapped prisms. Recently a new proposed mechanism for the formation of anisotropic gold nanoparticles was published that takes into account the reduction of Ag ions by ascorbic acid forming intermediate small Ag clusters, which can then act as a catalyst for the formation of gold nanoparticles by their adsorption onto the surface of the gold seeds [34] [36]- [38] . By controlling the concentration of silver ions that reduced to silver clusters and adjust the ratio with seeds concentration, gold spheres are formed as this ratio equal zero, rods as the ratio equal 1 and prisms are formed as the ratio equal 3 [34] . After controlling the shapes of gold nanostructures, the thermal stability of the formed particles was studied.
Thermal Stability of Gold Nanoparticles
The prepared gold nanoparticles are capped with only one surfactant (CTAB), and the anisotropic shape resulted by adding Ag + ions or clusters during particle growth [34] . It is important to understand the effect of surfactant structure on the stability of the formed micelles which represent the capping material of the gold particles. It is concluded that the Kraft temperature of the micelles depends on their chemical composition and the nature of the capping materials [28] . Figures 3(a)-(d) show the thermal stability of gold nanoparticles with different shapes. Gold nanospheres prepared in the absence of any Ag-ions or clusters, are not showing any change in the maximum absorption (Figure 3(a) ) under thermal heating up to 180˚C. That is because the spherical shape of gold particles has the most stable facets {111} and these spheres capped with stable micelleses of CTAB. However, gold nanorods (Figure 3(b) ) and nanoprisms (Figure 3(c) ) here are decomposed under the thermal effect ranging from 40˚C to 180˚C. Since the gold particles are soluble in water which boil at 100˚C, few drops of glycerol has been added, and the sample was heated to 180˚C in an oil bath in order to determine the decomposition temperature of the most stable micelles capping the gold nanoparticles (Figure 4) . Normalized absorption spectra (Figure 3(d)) show the difference in stability of the different shapes.
At each temperature, the change in the absorption spectrum was followed as a function of time. The rate of the change in the shape at each of these temperatures from that present at room temperature was determined by following the rate of the absorbance change of the absorption maximum of longitudinal plasmon band SP L .
From the values of the rate constants (first-order decay) at different temperatures, the activation energy (E act ) of the shape transformation can be calculated [28] . The activation energy for gold nanorods with aspect ratio 3.4 (7.41 ± 0.1 kJ•mol −1 ) is lower than that for aspect ratio 2.2 (7.85 ± 0.2 kJ•mol −1 ) and also lower than that of gold nanoprisms (7.94 ± 0.1 kJ•mol −1 ) (see Figure S1 and Figure S2 ). Comparing these results with the data previously reported by El-Sayed and coworkers [5] [28] for the thermal stability of gold nanorods prepared with a mixture of two surfactants, it can be observed that the Kraft temperature of the rod shape micelles formed from CTAB (180˚C) is quite higher than that for the rod shape micelles which formed from a mixture of CTAB and TDAB as a co-surfactant (155˚C) because CTAB binds preferentially to the low-energy{111} and {110} crystallographic facets of the gold nanorods than the high-energy {100} crystallographic facets in case of CTAB and TDAB as a co-surfactant [39] . Temperature has different effects on gold nanoprisms than that observed here for the rods (see TEM images in Figure 4 ). For rods, the long rods are not stable, thus, they decompose leading to a decrease in the absorbance and blue shifted of the SP L band. In case of nanoprisms, the third absorption band characterizing to the nanoprisms disappeared gradually giving absorption spectra similar to the rods. Absorbance and blue shift of the SP L band took place and the effect of high temperature on nanoprisms can be summarized here in the following steps: 1) Dissolution of the tips of the prism shape which are unstable thermodynamically, giving snapped prisms. 2) These snapped prisms changed on their shape to reach the rod shape particles that are more stable thermodynamically.
3) The bigger particles decomposed leading to a decrease in the absorbance intensity and red shift to lower wavelength, but up to 160˚C, particles are still stable. Finally, the micelles are completely decomposed at 180˚C and the Kraft temperature has found to be ~185˚C (Figure 3(c) ). The reason that gold nanoprisms are thermally stable than rods, is due to it has low-energy {111} crystallographic facets, however, gold rods have {110} crystallographic facets with {111} crystallographic facets [39] - [41] .
Enhancement of Thermal Stability of Gold Nanoparticles
A solution of PVP is added as another stabilizer to the prepared gold nanoparticles capped with CTAB, and then their thermal stability was studied as mentioned above. Addition of 30% by weight of PVP to the nanorods solution leads to the complete stability of gold nanorods and effectively inhibits the deformation process. Upon addition of PVP, a slight red shift (~4 nm) observed due to changing the dielectric constant of the surrounding medium and the absorbance decreased slightly as a result of decreasing the concentration of rods after addition of PVP. Afterwards, no more absorption shift was observed up to 220˚C (see Figure 5(a) ). In case of nanoprisms, the particles are completely stable up to 100˚C after addition of 30% PVP, then slight decrease in the absorbance value observed with no shift in the absorption band up to 140˚C. At 160˚C, the intensity of their absorption band decreases remarkably, and the particles aggregated at 180˚C (see Figure 5(b) ).
As the symmetry of the shape increases, as the stability decreases (Figure 6 ). One reason for the stability enhancement could be that the surfactant or polymer normally enhances the dispersivity of nanoparticles in the solution by modification of surface charges. By preventing the agglomeration between the gold nanoparticles, the thermal stability may increase under different temperature compared to the pristine gold nanomaterial. The preferential adsorption of PVP onto {110} faces of rods also plays an important role for the differentiation of distinct facets [42] [43] . Since the shape deformation of the gold nanorods and nanoprisms is affected by the Ostwald ripening, polymer like PVP coating on the nanorparticles as a second nanolayer could effectively increase the barrier of the dissolution or re-deposition processes in the Ostwald ripening, suppressing the shape deformation [33] .
Hot Carrier Dynamics of Gold Nanoparticles of Different Shapes
The electron dynamics of different shapes gold nanoparticles (prisms, rods, and spheres in Figure 1 ) in solution are studied using a femtosecond pump probe setup which described in details in the experimental section. Single wavelength kinetics of the plasmon bleach recovery of gold nanoparticles of different shapes is recorded [11] . The pump wavelength was 400 nm in all experiments which were performed at room temperature. Figure 7(a) shows the difference in bleach intensity of different shapes of gold nanoparticles with different delay time. The decay curve of the gold nanorods after excitation with 400 nm laser pulse at different delay times and its fitting are shown in Figure 7(b) .
The power dependence of the relaxation dynamics of gold nanoparticles in hydrogel has been shown [41] . At low pump power, only a fast decay component of a few picoseconds is observed. By increasing the pump power, the fast component of the plasmon bleach recovery becomes longer and a second longer component (~100 ps) appears. The fast decay component is ascribed to the thermal equilibration between the hot electrons and the nanoparticle lattice by electron-phonon (e-ph) interactions while the slow decay component represents the further cooling of the gold nanoparticles by the heat conduction away from the hot lattice to the surrounding medium. The slow decay component has therefore been ascribed to phonon-phonon interactions (ph-ph), which finally leads to the complete cooling of the nanoparticles. The reason for this power dependence of the electronphonon relaxation time is that the heat capacity of the electron gas is temperature dependent [19] [21] . In addition, higher initial temperatures of the electron gas due to higher excitation powers with a more intense laser pulse will lead to a larger increase of the lattice temperature. If the subsequent removal of the heat by the surrounding medium is the rate-limiting step and depends on the temperature of the lattice, the appearance of second slow relaxation time can be qualitatively understood. More energy dumped into the nanoparticles will simply lead to longer relaxation times of the plasmon bleach because it takes longer for the whole system (gold nanoparticles and the host material) to cool down again. While especially the electron-phonon coupling has been investigated in the low excitation regime before, it still remains a question, whether the slow phonon-phonon relaxation is mainly due to the heat exchange between the particle and the surrounding medium, or rather is limited by the conduction of the heat away from the particles within the surrounding matrix. Both processes would involve phonon-phonon interactions, but in the first case phonon-phonon coupling between the particles and the matrix is important while the latter would involve mainly the phonons of the surrounding matrix. Comparing the relaxation dynamics of gold nanoparticles of different shapes, it is clear that the relaxation time of the fast component is almost constant (~2.27 ps) in all the three samples. This means that the e-ph coupling has no dependence on the particle shape [8] . On the other hand, the slow component which refers to the ph-ph coupling is shape dependent. The ph-ph coupling is much slower in dots (~176 ps compared with spheres in reference 43 (~150 ps)) than in rods (~142 ps) and prisms (~115 ps) and this could be explained by the fact that nanoprisms have more surface area than that of the rods and the spheres. The Fermi-level also will be different because the presence of semiconducting silver clusters [44] [45] at the tips of rods and prisms that could do electron transfer with gold surface. As shown in our recently work, the concentration of Ag-clusters that used in the formation of prisms is higher than that used in rods, however gold spheres are formed in the absence of Ag-clusters. More studies are performed now to understand the effect of the presence of these clusters on the relaxation dynamics of nanoparticles.
Conclusion
We have shown here that the shape and capping materials play an important role in the thermal stability of gold nanostructures. The mechanism of particles dissociation in case of nanoprisms is different than that of nanorods under thermal heating. Great enhancement of the thermal stability has been achieved by adding specific amounts of PVP to the gold nanoparticles. The dynamics of the hot carriers in metallic nanodots, nanorods and nanoprisms induced by femtosecond laser pulses are investigated in gold nanoparticles. It is found that the ph-ph coupling is much slower in dots than in rods and prisms while e-ph coupling is almost the same in these particles. This is due to the large surface area of the nanoprisms compared with the rods or spheres of different thickness and electron transfer between the formed semiconducting Ag clusters and gold surface.
